Abstract. Body size is a standard criterion of quality control in insect rearing and often assumed to correlate with fitness in parasitoid wasps, but various metrics of body size can be used. The purpose of this study was to determine which morphological feature provides the best correlation with body size and egg load in a thelytokous population of the parasitoid wasp, Lysiphlebus fabarum (Marshall), when reared on Aphis fabae Scopoli under standardized conditions in a growth chamber (21 ± 1°C, 60-70% RH, and 16L : 8D). Candidate metrics included head width, length and width of the pronotum, length and width of the right forewing, and length of the right hind tibia. In the first experiment, correlations were determined between these measurements and overall wasp body length. As head width and hind tibia length emerged as the most suitable proxies for total body length, the next experiment these two variables as proxies for egg load in females reared from different nymphal instars of the host aphid. There was a non-linear relationship between body size and egg load of wasps emerging from hosts parasitized in different nymphal instars. Egg load increased linearly with body size across all host growth stages, but the second nymphal instar was the most suitable stage for parasitism when speed of development was factored in. The results suggest that head width is a suitable morphometric for monitoring quality control in mass-reared cultures of this wasp.
INTRODUCTION
Lack of quality control procedures during the mass production of natural enemies may lead to failures in biological pest control (Calkins & Ashley, 1989) . Quality control guidelines have been established for about 30 beneficial species and are currently being developed for others (van Lenteren, 2003) . The quality control criteria now used are based on laboratory observations that are easy to measure (e.g. emergence, sex ratio, lifespan, fecundity, adult size and predation/parasitism rate) (Calkins & Ashley, 1989; Pavlik, 1993; Bourchier et al., 1993) . Body size is one of the standard elements of quality control , as it can have important effects on components of parasitoid fitness (i.e. mating success in males and egg load, egg size and longevity in females) (Godfray, 1994) . Body size in massreared parasitoids also correlates with their field performance .
Parasitoid size is determined by the total amount of nutritional resources available during larval development (Jervis et al., 2008) . These nutritional resources vary as a function of host quality, which in turn depends on species (Harvey & Vet, 1997; Sampaio et al., 2008) , age or growth stage (Sequeira & Mackauer, 1992a, b) and environmental conditions (Li & Mills, 2004; Xu et al., 2008) . In koinobiont parasitoids, the resource base is dynamic (hosts continue to feed and grow following parasitism) such that the growth potential of the host is a factor determining its final quantity (Nicol & Mackauer, 1999) . When host resources are limiting, parasitoids face trade offs in resource allocation to different biological traits such as egg load, wing muscles, etc. that tend to unfold in a species-specific manner during development (Jervis et al., 2008) . Consequently the best morphological indicators of parasitoid fitness probably vary among species.
Different proxies have been used to estimate body size, including dry or wet body mass (Sequeira & Mackauer, 1992a, b) and length measurements such as hind tibia length (Li & Mills, 2004) and head capsule width (O'Neill & Skinner, 1990) . Among these measurements, hind tibia length is perhaps the most commonly used (Godfray, 1994) but is possibly not the most reliable indicator of overall body size (Nicol & Mackauer, 1999) . Moreover, the use of different morphological characters as proxies of body size can result in different estimates of size variation within populations and even lead to erroneous conclusions (Gauld & Fitton, 1987; Hurlbutt, 1987; Nicol & Mackauer, 1999) . As the estimation of body volume from linear measurements is not always straightforward, body mass may be the most reliable proxy of body size (Sequeira & Mackauer, 1992a, b; Harvey et al., 1994 Harvey et al., , 2000 Harvey & Strand, 2002) . For example, van Alphen & Thunnissen (1983) reported that females of Pachycrepoideus vindemiae Rondani (Pteromalidae) had greater dry mass than males of the same head width. Also, measurements of body mass often reveal much greater variation than linear measurements (Harvey et al., 2000) because mass scales approximately with the cube of length. However, some traits in female parasitoids, like the ability to capture and subdue a host, may vary with body length (Price, 1972; Gerling et al., 1990) or ovipositor length (Brandl & Vidal, 1987) rather than body volume.
This paper reports the results of experiments that were designed to assess the relative utility of various morphological measurements as predictors of body size and egg load, as well as the relative suitability of different host growth stages, in Lysiphlebus fabarum (Marshall) (Hymenoptera: Aphidiinae), a solitary koinobiont parasitoid that commonly parasitizes Aphis fabae Scopoli in Iran (Rakhshani et al., 2006; Talebi et al., 2009 ). The objective was to generate results that would be useful for monitoring quality control in mass cultures of this species and improving the performance of material released in the field.
MATERIAL AND METHODS

Insect colonies
A stock colony of black bean aphid, A. fabae, was established from material taken from bean fields in the Zanjan Province in spring, 2011, and mummies of the parasitoid Lysiphlebius fabarum were obtained from the same samples. Tests confirmed thelytokous reproduction in this population (Rasekh et al., 2011) . The stock colony of A. fabae was maintained on potted broad bean, Vicia fabae, grown in pots filled with fertilized sawdust and the parasitoid colony was maintained on this aphid colony. All insects and experiments were maintained under the same conditions in growth chambers at 21 ± 1°C, 65-75% RH, and a 16L : 8D photoperiod.
Correlation of morphometrics with body length
In the first experiment, a total of 215 mummies were selected randomly from the stock colony and the adult females collected upon emergence. Various morphological characters were measured on each wasp to within an accuracy of 0.01 mm under a stereo microscope equipped with an ocular micrometer. They included total body length from the top of head to the tip of abdomen (Fig. 1A) , head width, pronotum length and width, right front wing length and width and right hind tibia length ( Fig. 1B-G) . Linear regression was used to evaluate their utility as predictors of total body length.
Correlation of morphometrics with egg load
In the second experiment, synchronous cohorts of black bean aphid were established on seedlings of bean plant in ventilated plastic cylinders (8 cm × 15 cm) by allowing adult A. fabae to deposit nymphs on the plants for 12 h and then removing them. Then, three day-old L. fabarum females without prior experience with aphids were introduced to each aphid cohort in a 1 : 5 ratio (1 wasp for each 5 aphids). After 6 h, the wasps were removed and the parasitized aphids were reared until wasp emergence.
Development of the parasitoid in a range of host life stages was assayed. Based on preliminary observations under these conditions, nymphal instars of A. fabae were 1, 2.25, 3.75, 5.75 and 7.75 days old for 1 st , 2 nd , 3 rd , 4 th and adult, respectively, and wasps were introduced to different aphid cohorts on these time frames. Wasps emerging from the different host cohorts were kept in groups of five in ventilated plastic cylinders (8.0 cm × 15.0 cm) and provisioned with droplets of diluted honey on a strip of wax paper and water on a cotton ball. The water was refreshed daily and the diluted honey was refreshed every second day.
At three days post-emergence, wasps were killed by exposure to alcohol vapor for three minutes. Since head width and hind tibia length emerged as the best predictors of body size in the first experiment, these were measured in each wasp. Subsequently, each wasp was dissected on a glass slide in saline solution (7.5g NaCl l -1 ) under a stereo microscope equipped with a digital camera (Nikon Coolpix S10, Nikon Corporation, Tokyo, Japan). Both left and right lobes of the ovaries were photographed separately and resolution was enhanced with digital software (Adobe Photoshop CS5, Adobe Corporation, San Jose, CA, USA) so that eggs could be accurately counted.
Statistical analysis
Regression was used to test relationships between the different morphological characters and body length and the best predictor was inferred to be that yielding the highest value of R 2 . To determine best fit, five types of model were fit to the data: linear (y = ax + b), quadratic (y = ax 2 + bx + c), power (y = ax b ), exponential (y = ae bx ) and logarithmic (y = a.ln(x) + b). The corrected Akaike information criterion (AICc) was used for model comparison. Models with lower AICc values are better descriptors of the relationship between variables, and models differing by less than 2 are considered to be indistinguishable from each other (Burnham & Anderson, 2002) . The R 2 value was used to select best model when 2 or more models had a similar AICc criterion. Treatments were compared by one-way Fig. 1 . Categories of morphological measurements made on adult Lysiphlebus fabarum. 1 -body length; 2 -head width; 3 -pronotum width; 4 -pronotum length; 5 -hind tibia length; 6 -wing length; 7 -wing width.
ANOVA and means separated by Fisher's protected LSD test (SPSS, 1998) .
RESULTS
Wing length yielded the highest correlation with total body length, followed by head width, pronotum width, hind tibia length, wing width and pronotum length (Table  1) . However, the procedures for measurement of wing length are difficult and give rise to potential sources of error (the wings are very transparent and must first be detached from the thorax). Similarly, since the pronotum presented an irregular three-dimensional shape that was not well suited for obtaining consistent linear measurements, head width and hind tibia length were selected for subsequent correlational analysis with egg load.
Wasps reared from aphids parasitized at different growth stages exhibited significant differences in head width (F = 7.68; df = 4, 102; P < 0.001) and hind tibia length (F = 5.14; df = 4, 102; P < 0.001; Fig. 2 ). Since right and left ovaries did not differ in the number of eggs they contained (F = 0.32; df = 1, 195; P = 0.560), the total number of eggs in both ovaries was analyzed. Total number of eggs in ovaries varied significantly with host stage at time of parasitism (F = 6.32; df = 4, 98; P < 0.001), the most being observed in wasps emerging from aphids parasitized in the third instar or adult stage (Fig.  3) . The relationships between egg load and head width or egg load and hind tibia length were best described by a quadratic model in 6 out of 10 cases, a power function in 3 out of 10 cases, and a linear equation in one case (Table  2 ). A quadratic model was the best fit for second instars, the most suitable and preferred host growth stage for mass rearing of the parasitoid. However, the nature of these relationships varied depending on the host stage at time of parasitism (Table 3 and Fig. 4 ). Since head width was more congruent with egg load in terms of mean separation among life stages at time of parasitism (compare Figs 2 and 3) and in most cases yielded a lower value of AICc compared to hind tibia length, especially in second instars, head width may serve as a better predictor of egg load than hind tibia length.
DISCUSSION
Body size and dry mass are metrics most often used to predict parasitoid fitness (Roitberg, 2001) . Although body mass has been viewed as a reliable proxy of body size, some studies have shown that body length or ovipositor length relative to host size are important factors determining the outcome of parasitoid-host interactions (Price, 1972; Brandl & Vidal, 1987; Gerling & Mackauer, 1990 Direct measurements of body length can be problematic due to issues with abdominal deformation; especially in small species, the natural body shape can change after death (Gauld & Fitton, 1987) . In contrast, sclerotized structures such as the head, leg and even wing, unlike body length, remain relatively invariant over time and thus could provide suitable proxies for body size that can be measured in stored specimens (Blackburn, 1991) .
Although wing length was most tightly correlated to total body length among the studied morphometric characteristics, the transparency of the wing margin made accurate measurement of this feature difficult and separation of the wing from the thorax was time consuming. Pronotum width also yielded a good correlation, but the curvature of the pronotum in the anterior marginal area and near the cervix makes this feature difficult to measure as well. Head width had the highest correlation with body length among the traits that were relatively easy to measure. The width of the head often demonstrates a high correlation with other important biological characters of parasitoids such as egg size, egg number, longevity and body mass (van Alphen & Thunnissen, 1983; O'Neill & Skinner, 1990; Visser, 1994) . In contrast, hind tibia length has been questioned as predictor of parasitoid body mass, for example in Monoctonus paulensis Ashmead (Braconidae) (Nicol & Mackauer, 1999) . Similarly, Pavlik (1993) showed that hind tibia length was not a suitable proxy for quality assessment of Trichogramma species reared on Ephestia kuehniella Zeller.
Host size has a large impact on parasitoid adult size and fitness (Godfray, 1994) . Since aphidiinae parasitoids are koinobionts that must grow within their host, their final 523 Fig. 4 . Quadratic regressions of total egg load of Lysiphlebus fabarum females on head width (HW, triangles) and hind tibia length (HTL, circles) when hosts were parasitized in different life stages (A -first instar; B -second instar; C -third instar; D -fourth instar; E -adult aphid). See Table 3 for line equations. body size is sensitive to the growth stage of the host at the time of parasitism (Gauld, 1988; Li & Mills, 2004) ; they may even delay growth and development if they hatch in a very small host (Mackauer & Kambhampati, 1989) . The observed dependence of body size of L. fabarum on the growth stage of its host, A. fabae, at the time of parasitism does not follow a monotonic relationship but is unimodal (excluding adult aphids, which cannot be practically employed as a cohort for parasitoid rearing because they are continuously giving birth to first instars). The largest wasps emerged from aphids parasitized in the second and third instars, while those parasitized in the first and fourth instars yielded significantly smaller ones (Fig. 2) . Consequently, aphids parasitized in the second and third instar yielded wasps with the largest egg loads (Fig. 3) . However, the developmental time of this species in A. fabae increases from first instar to adult (Ameri et al., 2012a) , suggesting that wasps will have maximal fitness when second-instar nymphs are parasitized. The mechanisms underlying these patterns remain obscure, but likely derive from tradeoffs between a greater ease of overwhelming host defenses in early instars and greater resource availability in later instars of the host (Slansky, 1986; Sequeira & Mackauer, 1992a, b; Walker & Hoy, 2003) . Thus, aphids in intermediate stages represent a balance of costs and benefits for parasitoid larvae, and aphidiinae wasps reared from second-instar aphids are typically most fit (Hagvar & Hofsvang, 1986; Kouame & Mackauer, 1991; Chau & Mackauer, 2000; Walker & Hoy, 2003; Xu et al., 2008) . Adult aphids may be more suitable hosts than fourth-instar nymphs because their reproductive effort diminishes their resistance to early stage parasitoid development.
The observed egg load of L. fabarum was directly related to body size, as has been demonstrated in other parasitoid species (O'Neill & Skinner, 1990; Jervis et al., 2001; Bezemer et al., 2005) . For example, Sagarra et al. (2001) showed that body size was not only positively correlated with lifetime fecundity in female Anagyrus kamali Moursi, but also with longevity and daily oviposition rate. Thelytokous populations of L. fabarum are moderately proovigenic, as females contain about 60% of their maximum egg load at emergence (M. Ameri, unpubl. data) . Since the longevity of this strain at 21°C is about four days (Ameri et al., 2012b) , egg load is likely maximal at three days. Thus, females are unlikely to become egg limited even under laboratory conditions.
To conclude, second-instar black bean aphids appear to be the most suitable life stage for the rearing of L. fabarum, yielding large offspring with high fecundity and the shortest developmental time. Head width can be used as a proxy of quality control in mass cultures of this wasp.
